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 Abstract: Icequake activity in snow-free ice plate at the Lake Suwa, central 
Japan, was studied with special reference to the temporal variations of temperature 
in air, in ice and in  water.  Icequakes have two distinct peak activities in the morning 
when air temperature is rising and in the early evening when air temperature is falling. 
We examined the relationships between icequake activity and temporal variation of 
temperatures in air or in ice plate and found that appearance of high activity corresponds 
well to the temporal variation of temperature difference between two depths in ice 
 plate. Under the simplified model that ice plate is elastic with the uniform thickness, 
constant elastic moduli and constant thermal expansion coefficient, vertical distribu-
tion of thermal stresses in ice plate is calculated based on the temperature profile in ice 
plate. The time dependent tensional and compressional stresses which appear at the 
upper part of ice plate correlate with two icequake activities. Magnitudes of estimated 
stress amount to 4 and 8 bars in tensional and compressional stress, respectively. 
These stresses are considered to form a causative field of icequake occurrence, according 
to the laboratory experiments of  cracking stress and fracture strength on ice specimen.
1. Introduction 
   The seismological observation of icequakes and the geodetic observation of ice 
plate deformation have been carried out in 1975, 1976 and 1977 at the Lake Suwa, 
central Japan, from the view point that the icequake and ice faulting give good 
simulations of natural earthquakes and of the plate tectonics. The results of the 
deformation process in ice plate and of temporal variation of b-value in the Gutenberg-
Richter's relation with reference to deformation rate were discussed by Hamaguchi  et al. 
(1977) and Hamaguchi and Goto  (1978). The present paper discusses the relation-
ship between the temporal variations of icequake activity and the diurnal air and ice 
temperature changes and thermal stresses in ice plate. 
   The conditions of icequake occurrence have been reported by many authors in 
relation to changes of air temperature with time. Omote et al. (1955) made an 
observation of ice tremors (icequakes) at the Lake Suwa in connection with temporal 
variation of temperature in air and in ice plate. Their results indicate that the ice 
tremors were taking place all day long and the higher activity was recognized at 
midnight rather than at daytime. They also reported that number of tremors increased 
when the temperature in ice plate began falling and that the activity of ice tremors was 
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generally inactive when the diurnal change of air temperature was small. Based on 
the field surveys at the Lake Suwa, Nakazawa (1968) stated that acoustic sounds were 
heard at two periods from 9 to 10 o'clock and from 20 to 22 o'clock and that the highest 
activity was recognized at the lowest air temperature at daybreak. According to our 
high sensitive seismic observation in 1976, icequake activity was much higher in the 
morning from about 8 to 10 o'clock than in nighttime (Hamaguchi  et al., 1977). 
Kaminuma and Takahashi (1975) reported the characteristic nature of icequake 
occurrence at Antarctica. Icequakes observed at Mizuho Station, Antarctica occur 
only when air temperature is below —30°C and is reducing for two or three hours at 
the rate of 1°C per hour or for one hour at the rate of  2.5°C per hour. Kaminuma and 
Haneda (1978) also reported icequake activity detected at Showa Station could be 
classified into three  types: The icequakes of swarm type occurred when the variation of 
air temperature was large, while those of other two types occurred irrespective of air 
temperature change. Thermal cracking is commonly observed on floating sea ice of 
the Arctic ocean. It occurs at the low air temperature of the Arctic winter and spring 
 but only when air temperature drops (e.g. Evans and Untersteiner, 1971;  Milne, 1972). 
   The above field observations at the various places indicate that icequakes are 
generated by thermal stresses due to expansion and/or contraction of ice plate as the 
result of temperature changes. The purpose of this paper is to prove a relationship 
among icequake activity, temperature variation and thermal stresses in a thin floating 
ice plate, based on direct measurements of temperature profile in ice plate and in air.
2. Observations 
   The field observations were held twice in the winter of 1977 at the south-eastern 
part of the Lake Suwa (see Fig. 1). When the first observation of icequake activity was 
carried out in the period of January 12 to 14, the lake had already been covered with 
ice plate of the thickness of 17 cm and the overthrust ice fault (see Photo. 1, 2 and 3 in 
Hamaguchi et  al., 1977) just began developing on the last day of the first observation. 
The second observation was done during the period of February 6 to 9, when the thickness 
of ice plate became about 27 cm. The ice fault had completely developed across the 
lake; the general strike of the main fault was N  60°F as shown by the thick line in Fig. 
1. Simultaneous observations of icequakes and temperature distribution in air, in ice 
plate and in water were performed during this second observation. 
   A vertical component seismometer with the natural frequency of 10 Hz was set on 
the ice plate about 100 m off the coast (see Fig. 1). The signal was fed to the amplifiers 
with different magnifications of 21, 37, 53 and 69 dB and was recorded on the portable 
data-recorder (TEAC, R-200). Later the signal was played back onto a multi-channel 
visible recorder having the galvanometers with the natural frequency of 2000 Hz. The 
overall frequency response of the record and play-back systems is flat in velocity 
amplitude between 15 and 1K Hz, assuming that frequency response of seismometer is 
uniform in this range. The number of event with the trace amplitude larger than 5 
mm in the channel with the highest magnification is counted in every one minute and is
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1. Simplified index map of the observations at the south-eastern part in the Lake Suwa in 
the period from February 6 to 9, 1977. The main ice fault (thick solid line) across the lake 
shows the strike of  N60°F and sub-fault (thin solid line) shows the strike of N. The 
numerals are the thicknesses of ice plate measured in cm. Symbols indicate the observation 
points of seismometer, extensometer and thermometer.
taken as the measure of icequake activity.  Unfortunately, the continuous monitoring 
of icequake activity could not  be performed, because of the magnetic tape hardening 
due to very low air temperature at midnight. 
   Temperatures in and around ice plate were measured continuously at about 50 m 
off the coast marked by the solid circle in Fig. 1 in the period from  19h00m on February 
6 to  9h40rn on February 9. Two types of thermometer are used in these measurements. 
Thermister type thermometers are used for temperature measurements in air at 3 cm 
above ice plate and in water at the depths of 12, 52 and 151 cm under the lower surface 
of ice plate. Platinum resistance thermometers are used in ice plate at the depths of 6, 
 11 and 22 cm under the upper surface of ice plate. The thermometers buried into ice 
plate were frozen perfectly for a half day long at nighttime before measurements. 
The out put of thermometer was recorded onto a multi-channel electromagnetic oscillo-
graph. The accuracy of temperature measurement was kept within  0.1°C in the 
required range of temperature.
3. Observational Results 
   Fig. 2 shows the frequency of icequakes per one minute and the temporal varia-
tion of temperatures in air, in ice plate and in water during the period of  19h20nl on 
February 6 to  9h40'n on February 9, 1977. The frequency of icequake in this figure is 
not the raw number of icequakes but the number smoothed by applying the Chebyshev's 
polynomial of 200 degrees, because the fluctuation of the observed number of icequakes 
prevents from understanding the tendency of temporal variation of activity. The
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icequake activity, when the data of icequake was missed for a short period by the 
reason as mentioned in the previous section, is interpolated by the Chebyshev's 
polynomial as shown by the broken line in Fig. 2. It is reasonably assumed, by hearing 
sound accompanied with ice cracking, that the temporal variation of activity for the 
period of no observational data in the period of February 7 to 9 is similar to that of 
February  6 to 7. It is clear that there are two peaks in icequake activity during a  day: 
The first peak appears in the period from about 8h to 13h and the second appears from 
about  15h to  22h. The first peak is higher than the second one. The activity at 
midnight is generally very low state.
Fig.
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2. The temporal variation of the number of icequakes per one minute and temperatures 
in the air, in ice plate and in water. A, B and C shows the temperature of water at the 
depth of 151, 52 and 12 cm from the bottom of ice plate, respectively. D,  E and F shows 
the temperature of ice at the depth of 22, 11 and 6 cm from the upper surface of ice plate, 
respectively. G is the air temperature at 3 cm above ice plate.
   The temperatures in ice plate at the depths of 6 and 11 cm under the upper 
surface of ice plate vary in accordance with air temperature changes. The time lag of 
temperature variation between air and ice plate is less than or equal to two hours. 
On the other hand, the temperature in ice plate at the depth of 22 cm is almost 
constant value of around 0°C and does not follow the temperature variations in air 
and in water. The heat conduction from the upper and lower surfaces of ice plate does 
not effect on ice temperature at 22 cm depth. The temperature at the lower part of 
ice plate is probably controlled by the existence of water-filled cracks, as is discussed 
in the later section. 
   The data of the icequake activity and temperature variations in air and in ice 
plate are analyzed in special reference to their relationship for the period from 20h on 
February 6 until 19" on February 7. Fig. 3 shows the frequency of icequakes and the 
differential temperature  (dT/dt) in air and in ice plate at 6 and 11 cm depth with
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  Fig. 3. Number of icequakes per one minute and the differential temperature of the air and ice 
     at the depth (z) of 6 cm and  11 cm with respect to  time . 
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  Fig. 4. Number of icequakes per one minute (upper) and the temperature difference between 
     6 cm and  11 cm( middle) and between  11 cm and 22 cm( lower) in ice plate versus time . 
     The onset time and duration of high icequake activity  (81'30m,--,131'00m) corresponds well 
     to those of temporal variations of temperature difference between two points in ice plate . 
respect to time. It is evident that the large positive and negative changes of  dT/dt 
in air go ahead of the occurrence of high icequake activities for about two hours . The 
similar relationships are also recognized between  dT/dt in ice plate at 6 and 11 cm depths 
and icequake activity. The quantitative comparison of the onset time and duration 
of icequake activity with those of  dT/dt in ice plate still reveals certain time lag. 
Fig. 4 indicates the temporal variation of frequency of icequake activity and of the 
temperature differences between 6 and 11 cm depths and between 11 and 22 cm 
depths in ice plate. It is notable that there are clear relationship between the occur-
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rence of icequake and the time dependent temperature difference with depth, especially 
between frequency of icequake and temperature difference between 6 and 11 cm depths, 
in the whole period given in Fig. 4. The icequake activity  (19h0Orn on Feb.  6,---8h3Oin  on 
Feb.7) is low state when temperature difference between 6 and 11 cm depths is almost 
constant, while increases of icequake in number  (8h34nl,--13h00m on Feb. 7 )are propor-
tional to the increasing and decreasing of temperature difference. Similar relation-
ships are also seen in the case of temperature difference between 11 and 22 cm. 
   In order to examine whether the icequake activity depends on the configuration 
of ice plate or not, the patterns of activity observed at the almost same place in 
February 1, 1976, January 14, 1977 and February 7, 1977 are compared with one 
another (Fig. 5). The thickness of ice plate and the coupling of two ice plates on ice 
 faulting near the observation point were different in these three periods. The follow-
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in every periods is at about 8 o'clock in the morning, which indicates the rising of air 
temperature mainly attributes to icequake occurrence . Second, the onset time and the 
duration of activity clearly have some connection with the thickness of ice plate; the 
thickest the ice plate is, the latest the onset time and the longest the duration are . 
This relationship reveals that the key factor controlling the onset time and the dura-
tion is the temperature distribution in ice plate, because it takes the longest time to 
heat the ice plate by thermal conduction in the case of the thickest ice plate . Third, the 
rugged feature of temporal variation of icequake activity is obviously different from 
one another. This feature might be explained by the slippages at ice fault (Hamaguchi 
et  al., 1977). The distance between the two points across the ice fault measured by 
extensometer (see Fig. 1) was reduced about 39 cm by overthrust of ice plate for the 
period from  7130m to  11h00in in February 1, 1976 and many sudden slippages at ice 
fault were observed (Hamaguchi et at., 1977). On the other hand , the shortening 
of the distance was only one centimeter and no sudden slippage was observed in the 
case of February 7, 1977. The case of January 14, 1977 was an intermediate state
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between the above two cases. These observational results suggest that the sudden 
reduction of icequake activity might be due to the stress drop in the plate by the 
sudden slippage at ice fault. Therefore the three characteristic features mentioned 
above reveals that the pattern of icequake activity depends upon not only the tem-
perature distribution in ice plate controlled by air temperature and thickness of ice 
plate but also coupling of two plates at ice  fault. 
   The following analysis is an attempt to explain quantitatively some aspects of 
icequake activity from the view point that icequakes are caused by thermal stresses due 
to temperature variation with depth in ice plate.
4. Estimation of Thermal Stresses 
   The following simplifications are introduced to estimate thermal stresses in ice 
plate: (1) The lake is wholly covered with ice plate of uniform thickness. (2) Horizontal 
displacement of ice plate is not fixed at lake shorelines. Vertical displacements at the 
upper and the lower surfaces of ice plate are not bounded either. (3) Temperature 
distribution in ice plate is a function of only ice thickness when a time is assigned. 
(4) The ice plate is homogeneous isotropic elastic material and elastic coefficients and 
thermal expansion  coefficient are constants everywhere in ice plate. The assumptions 
(1) to (4) lead this analysis to the two-dimensional simple thermoelastic problem. The 
orthogonal coordinates system,  0-x, z, is adopted, where the horizontal direction is taken 
as x-axis and the vertical downward direction is as the positive z-axis. The origin, 
0, is taken on the upper surface of ice plate. 
   The x-component thermal stress  ax(z) in ice plate is expressed by the following equa-
tion (Timoshenko and Goodier, 1951), 
              cs,(z)  =aET1
(1—v)  aET  dz         1—v 
                1 12 f             + (z 2 1(1—v)2                              aET(z——1dz  , (1)       I 3 
 0 
                        v : Poisson's ratio, 
 E: Young's modulus, 
                      a : linear thermal expansion coefficient, 
 T: temperature, 
                     1 : thickness of ice plate. 
The following constants are adopted in this study;  2)=--0.40 (Gold, 1958), E=--8.34 x  10/1' 
dynes/cm2 (Gold, 1958) and a=--5.09 x  10-5/°C (Butkovitch, 1957). These values are 
adopted by Gold (1963) in the cracking experiment of ice at about  —10'C. The value 
of a agrees well with the one measured in the Lake Suwa by Kishinouye (1943). The 
thickness of ice plate 1 is taken to be 27 cm. 
   The temperature profile in ice  plate  is estimated by  interpolating three discrete 
observed values at the depths of 6, 11 and 22 cm and two estimated values at the
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surfaces of ice plate. Temperature at the upper surface should not be more than 0°C 
and be between air temperature at 3 cm above ice plate and temperature in ice plate at 
6 cm depth. Temperature at the lower surface should be always 0°C. When tem-
perature at the depth of 22 cm is small positive value at midnight, this is also fixed to 
be 0°C. 
   Based on the interpolated temperatures at every one centimeter in ice plate, the 
numerical integration in eq. (1) is performed at the time interval of thirty minutes. 
The temporal variation of the x-component thermal stress  oz(z) in ice plate is shown 
in Fig. 6 by equal contour lines for the period of  20h30m on February 6 to  6h30m  on 
February 9, 1977. The shaded areas indicate the compressional stress fields and the 
white areas are the tensional ones. The numeral attached on the contour lines 
show the value of estimated thermal stress in bar. 
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  Fig. 6. Number of icequakes per one minute (upper) and the calculated thermal stress distri-
     bution in ice plate (lower) versus time. The ordinate of lower figure is the depth in ice 
     plate from the upper surface. The numeral on the contour line shows the stress in bar. 
      The shaded areas are the compressional stress fields and the white areas are the tensional ones. 
   Although temporal variation of stress distribution in ice plate shows a complex 
feature, the following characteristic features are in evidence. From morning to after-
noon, especially when air temperature is rapidly changing, a pair of the tensional stress 
of about 6 bars and the compressional stress of about 10 bars appears at the depth 
shallower than 15 cm; the stress at shallower depth is compressional and that at the 
deeper depth is tensional. There is no high stress region at the deeper parts of ice 
plate at this period. From evening to night, another pair of tensional and compres-
sional stresses appears at a shallower  depth  ; the depth of high tensional stress is 
shallower than that of compressional stress. From night to morning, the high tensional 
stress of 6 to 8 bars appears at the lowest part of ice plate, whereas the stress is 
rather low state in other depth region except near the uppermost surface. 
   It seems clear in Fig. 6 that the appearance of the first and second icequake activities 
in February 7 and 8 correlate with those of the high thermal stresses at the depth 
shallower than 15 cm in ice plate. In particular, the high icequake activity in the
 -o 10-4 th
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 0           0.2 0.4  0.6  0.8 1.0 
               Homologous Temperature 
lower threshold level of cracking region is near 7 bars irrespective of temperature condi-
tion. Generally, the compressional strength of ice parallel to the direction of ice growth 
is greater than that of perpendicular to it (e.g. Glen, 1958; Aota et al., 1976). It is 
expected for the ice in the Lake Suwa that the compressional strength in the horizontal 
direction is lower than that in the vertical one, since the ice in the lake has the preferred
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period from  8h30m to  13h00nl on February 7 corresponds well with the appearance 
of the pair of tensional and compressional stresses. In the following section, we will 
discuss in detail the thermal stresses and icequake activity with reference to laboratory 
results on fracture strength of ice specimen. The reason why the icequake activity is 
low even when the higher tensional stress appears at the lowest part in nighttime is also 
discussed briefly in the following section. 
5. Discussion and Conclusion 
   The analysis in the previous section has been based on the several assumptions 
that considerably simplify the problem, and it is worth while considering how these 
simplifications effect the results. Perhaps the most severe simplification lies in the 
elastic properties of ice plate. There are many evidence to show that the lake ice is 
viscoelastic material. However viscoelastic characteristics of ice material has been 
ignored in the present model. The general effect of this is to overestimate the thermal 
stress in ice plate. Especially, this effect is predominant at the lower part of ice plate 
where is always near to the melting temperature of ice. 
   It should be noted that geometry as well as the boundary conditions of ice plate 
are also oversimplified. The ice plate is assumed to be unrestrained at its edges and to 
be free of traction of its upper and lower surfaces. It is thought that such assumptions 
do not significantly detract from validity of the present results. 
   Next, we argue the estimated thermal stresses with special reference to the cracking 
or fracture strength of ice estimated in the laboratory experiments. Gold (1960) 
performed the experiments on the creep of multigrained ice under a constant compres-
sion and stated that no crack was observed under the stress less than 9 bars. Higashi 
and  ShOji (1976) summarized the deformation mechanism of the multigrained ice as 
functions of temperature and pressure, based on the data obtained by the uniaxial 
compressional test. Their deformation mechanism map (Fig. 7) indicates that the 
                       Temperature 
         -196 -50 -10   °C 
    10-  ;12 Fracture 
N10-2-O-2iO3 
 6o2 1), 
 10-3- Cracking
- 10u; 7. Deformation mechanism map for 
 9 io-4- 
e ultigrained ice (redrafted from
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orientation parallel to the direction of ice thickness. Upon the basis of the above results 
and considerations, it can be expected that the high icequake activities in the morning on 
February 7 and 8 shown in Fig. 6 were probably caused by the generation of high  com-
pressional thermal stress, say more than 8 bars, which appeared at the shallower depth 
of cm. Another icequake activities in the evening were also likely by the  com-
pressional stress at the middle depth of  10,--,15 cm. The generation of new cracks of 
echelon type were frequently observed in sight in the upper part of ice plate at around 
9h, when the highest compressional stress could be expected (see Photo. 4 in  Hamaguchi 
et al. (1977)  )4 This ice cracking of echelon type suggests that the maximum 
compressional stress is in horizontal direction and the minimum one is in vertical. 
Experiments on fracture strength of sea ice in compression and in tension versus sample 
orientation by Peyton (1966, see Weeks and Assur (1972) ) show that the tensile strength 
is almost half to quarter of compressional one. It is reasonably expected, therefore, 
that the higher tensional stress can also generate the icequakes in ice plate. The 
appearance of tensional stress, say more than 4 bars, at the depth of 5 to 15 cm correlates 
well with the active period of icequake occurrence. 
   Fig. 6 also shows the existence of the higher tensional stress of about 8 bars at the 
bottom of plate in the midnight. According to Weertman's theory (1971), the 
observation of temperature at the depth of 22 cm being always 0°C (see Fig. 2) strongly 
suggests the existence of water-filled crack in the field of tensional stress. Creep 
experiment on ice (Glen, 1955) indicates that ice at temperature near the melting point 
is undergoing high creep and that ice grains can be slippage each other. Therefore, the 
stress at the lower part of ice plate is relaxed by creep deformation and does not 
participate in generation of brittle cracking. 
   We summarize our findings and explanations; 
   (1)  Icequakes in thin floating ice plate of 27 cm thickness at the Lake Suwa show 
two peak activities in a day. Two high activities appear only when  vertical tempera-
ture profile in ice is not uniform. 
   (2) Thermal stresses are dependent on temporal variation of temperature in ice 
plate. The compressional stress exceeded 8 bars appears at the top of ice plate when 
air temperature is rising in the morning and that of 6 to 8 bars appears at the 
middle depth when air temperature is falling in the evening. The tensional stress 
exceeded 4 bars appears at the shallower depth of ice plate and always makes pair of 
the compressional stress. 
   (3) The appearances of the pair of compressional and tensional stresses at the 
upper part of ice plate have relation with the occurrence of icequakes. 
   The determinations of focal depth and focal mechanism of icequakes with reference 
to the state of thermal stresses are important points for further study of thermal 
cracking in floating ice plate of small or great thickness. 
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